Turbulence Analysis for the Improvement of Internal Combustion Engine Efficiency
James MacDonald, Mechanical and Aerospace Engineering
Advisor: Dr. Claudia Fajardo-Hansford
Abstract
Developing a complete understanding of the structure and behavior of the nearwall region (NWR) in reciprocating, internal combustion (IC) engines and of its
interaction with the core flow is needed to support the implementation of
advanced combustion and operating strategies to improve engine efficiency. The
NWR in IC engines is fundamentally different from the canonical steady-state
turbulent boundary layers (BL), which have been extensively researched.
Motivated by this need, this poster presents results from the analysis of twocomponent velocity data measured with particle image velocimetry near the head
of a single-cylinder, optical engine. The interaction between the NWR and the core
flow was quantified via two-point velocity correlations, determined at multiple
distances from the wall and piston positions. It is hypothesized that the
turbulence in IC engine near-wall-layers is created by both wall-shear (as in
canonical BL flows) and dissipation of large-scale core-flow turbulence. In
contrast to the canonical description of turbulent boundary layers, the normalized
velocity profile lacks a well-defined log-law region and does not scale with the wall
shear stress. Smaller flow structures in the two-dimensional velocity fields are
apparent as the wall is approached, suggesting that turbulence dissipation in the
core flow reaches the near-wall layer. A roll-off in correlation strength is
consistently observed in the 10 < y+ < 20 region, suggesting that two-point velocity
correlations may provide an additional metric for estimating the boundary layer
thickness in engine flows.

Research Question and Objectives

Results

Research Question: How does the core-flow turbulence affect the near wall region of an IC engine?
The objectives of this research are to develop a metric to identify transition into the NWR and quantify turbulent
transport between the near-wall and core flow regions.

Statistical Moments

Boundary Layer Structure

Experimental Design and Analysis Methodology
The data sets analyzed were measured in a single-cylinder, research optical engine motored at 500 RPM (University
of Michigan). Planar particle image velocimetry was used to measure a 2D velocity field inside the engine cylinder.
The methods used for the analysis of the flow fields were:
• Statistical moments
head
• Reynolds stress
16 mm
• Two-point spatial velocity correlations
piston

Statistical moments plotted against distance
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Diagram of the single-sided two-point spatial
velocity correlation methodology

Background
Energy conversion devices relying on combustion are used in a wide variety of
applications such as manufacturing, automotive, and power generation.
Benefits of improving internal combustion engine efficiency include:
• Reducing consumption of a finite supply of oil
• Limiting the emission of environmentally-harmful combustion byproducts such
as CO2.
In automotive applications, improving efficiency means extracting more work from
a given amount of fuel. This requires accurate knowledge of the heat transfer near
the wall.
Problem Statement: the traditional heat transfer models, based on canonical
boundary layer theory, are inaccurate.
To develop more accurate heat transfer models the near-wall turbulence in
engines must be better understood.

Velocity profiles in the near-wall region calculated from the canonical
boundary layer law-of-the-wall model (dashed) and experimental data
(solid) at 90, 60, 30 and 0 CAD bTDCc. The corresponding ensembleaveraged velocity fields are shown adjacent to each velocity profile. The
physical location (y) corresponding to y+ is added at the top of the
figures.

Flow Velocity Measured Inside an Engine
Depiction of the experimental field of view and conditions.
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Normalized Reynolds stress with a line
depicting the location of the start of the
traditional log-law region.

Two-point spatial velocity correlations

TCC-III optical engine used to gather experimental data. Image
courtesy of University of Michigan.
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Instantaneous velocity vector field. Vector color corresponds to the horizontal
component of velocity.

Conclusions
•The IC engine NW flow lacks a well-defined log-law region as seen by the differences between the canonical
predictions and the measured profiles.
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Diagram of the canonical boundary layer.

•Core-turbulence may dominate over wall-generated turbulence based off of the over prediction of u+ by log-law
model and the higher magnitude of Reynolds stress calculated from the measured data.
•Correlation strength decays between 10<y+<20 regardless of correlation distance and piston position. This is
consistent with statistical moment analysis and is proposed as a metric to identify core-to-near wall flow transition.
•More experiments at different engine conditions must be done before these results can be accurately generalized.

Decorrelation of the instantaneous wall-parallel velocity component, u, in the wall-parallel direction, x,
(Equation 12) for multiple correlation distances, displayed against wall distance for a) 90 CAD bTDCc, b) 60 CAD
bTDCc, c) 30 CAD bTDCc, and d) 0 CAD bTDCc.
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